How aneuploidy may cause cancer and genetic instability.
It has been difficult to find a common cause for the many and complex phenotypes of cancer such as dedifferentiation, invasiveness, abnormal morphology, growth rate and metabolism, genetic instability, progression to malignancy, cellular heterogeneity of phenotypes and karyotypes, and clonal origin despite heterogeneity. Over 100 years ago aneuploidy, an abnormal balance of chromosomes, was proposed to cause cancer. However, the aneuploidy hypothesis has since been abandoned, in favor of the gene mutation hypothesis, because it could not offer conventional explanations for cancer-specific phenotypes. For example, the aneuploidy hypothesis seemed unable to (i) explain the genesis of abnormal, cancer-specific phenotypes, (ii) reconcile the heterogeneous karyotypes with the clonal origin of cancers, (iii) explain aneuploidy in non-cancerous cells, and (iv) explain how carcinogens would cause aneuploidy. Here we introduce new evidence that aneuploidy offers a simple, coherent explanation of all cancer-specific phenotypes: (i) Congenital and experimental aneuploidy is now known to generate abnormal phenotypes, such as Down syndrome in humans and cancer in animals. (ii) Based on metabolic control analysis, we have derived equations that correlate degrees of aneuploidy with the resulting phenotype abnormalities. These equations suggest that aneuploidy must exceed a certain threshold to generate cancer-specific phenotypes. Therefore, we propose that multistep carcinogenesis corresponds to multiple steps of aneuploidization. (iii) Aneuploidy is also sufficient to explain cancer-specific, karyotypic instability. Since aneuploidy imbalances the highly balance-sensitive components of the spindle apparatus it destabilizes symmetrical chromosome segregation. This autocatalytic instability is the reason why cancers have heterogeneous karyotypes, but are clonal for aneuploidy. Progression to malignancy corresponds to selection of ever more aggressive karyotypic variants. (iv) Both non-genotoxic and genotoxic carcinogens can cause aneuploidy by physical or chemical interaction with mitosis proteins. We conclude that aneuploidy offers a mechanism of phenotype alteration which--above a certain threshold--is sufficient to cause all cancer-specific phenotypes, and is independent of gene mutation.